A TRIPLE-MODE MONO-BLOCK FILTER ASSEMBLY 



FIELD OF THE INVENTION 

■ 5 [1] This invention relates to filter assemblies. More particularly, this invention discloses 
triple-mode, mono-block resonators that are smaller and less costly than comparable 
metallic combline resonators. 

BACKGROUND OF THE INVENTION 

" 10 

y [2] When generating signals in communication systems, combline filters are used to reject 

unwanted signals. Current combline filter structures consist of a series of metallic 
Cj resonators dispersed in a metallic housing. Because of the required volume for each 
yy resonator, the metallic housing cannot be reduced in size beyond current technology, 

*ij 15 typically 3-10 cubic inches/resonator, depending on the operating frequency and the 
y, maximum insertion loss. Furthermore, the metallic housing represents a major cost 

percentage of the entire filter assembly. Consequently, current metallic filters are too large 
and too costly. 

■ 20 SUMMARY OF THE INVENTION 

[3] In a preferred embodiment, the invention is a method and apparatus to reduce the size 
of a block resonator filter by increasing the number of poles per block and filling the block 
with dielectric. 

■ 25 

[4] In another preferred embodiment, the method and apparatus of increasing the number 
of poles per block comprises exciting a plurality of modes and coupling the modes. 

[5] In still another preferred embodiment, the method and apparatus of exciting a plurality 

■ 30 of modes comprises forming a hole in the block resonator filter, plating an interior of the 
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hole and fixing a connection from the plated hole to an external circuit and the method and 
apparatus of coupling the modes comprises cutting at least one corner of the block. 

[6] In still another preferred embodiment, the invention comprises a filter assembly 
comprising a block resonator filter, a mask filter operably connected to the block resonator 
filter, wherein the passband of the mask filter is wider than the passband of the block 
resonator filter and a low-pass filter operably connected to the block resonator filter, 
wherein the low-pass filter rejects frequencies greater than the passband of the block 
resonator filter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[7] Figures la and lb are two views of the fundamental triple-mode mono-block shape. 
Figure lb is a view showing a probe inserted into the mono-block. 

[8] Figures 2a and 2b are solid and wire-frame views of two mono-blocks connected 
together to form a 6-pole filter. 

[9] Figures 3a and 3b are solid and wire-frame views of the mono-block with a third corner 
cut. 

[10] Figure 4 illustrates a slot cut within a face of the resonator. 

[11] Figure 5 is a graph of resonant frequencies of Modes 1, 2 and 3 vs. cutting length for a 
slot cut along the X-direction on the X-Z face. 

[12] Figure 6 is a graph of resonant frequencies of Modes 1, 2 and 3 vs. cutting length for a 
slot cut along the X-direction on the X-Y face. 
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[13] Figure 7 is a graph of resonant frequencies of Modes 1, 2 and 3 vs. cutting length for a 
slot cut along the Y-direction on the X-Y face. 

[14] Figure 8a illustrates a method of tuning the mono-block by removing small circular 
areas of the conductive surface from a particular face of the mono-block. Figure 8b 
illustrates tuning resonant frequencies of the three modes in the block using indentations or 
circles in three orthogonal sides. 

[15] Figure 9 is a graph showing the change in frequency for Mode 1 when successive 
circles are cut away from the X-Y face of the mono-block. 

[16] Figures 10a and b illustrate tuning resonant frequencies of the three modes in the 
block using metallic or dielectric tuners attached to three orthogonal sides (Figure 10a), or 
metallic or dielectric tuners protruding into the mono-block (Figure 10b). 

[17] Figures 1 la, b, c and d illustrate a method for the input/output coupling for the triple- 
mode mono-block filter. 

[18] Figure 12 illustrates an assembly configuration in which the low pass filter is 
fabricated on the same circuit board that supports the mono-block filter and mask filter. 

[19] Figure 13 illustrates an assembly in which the mono-block filter and combline filter 
are mounted to the same board that supports a 4-element antenna array.. 

[20] Figures 14a, b and c illustrate a mono-block filter packaged in a box (Figure 14a), 
with internal features highlighted (Figure 14b). Figure 14c shows a similar package for a 
duplexer. 
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[21 ] Figure 15 illustrates the low-pass filter (LPF), the preselect or mask filter and the 
triple-mode mono-block passband response. 

[22] Figure 16 is a photograph of the mask filter. 

■ 5 

DETAILED DESCRIPTION OF ONE EMBODIMENT OF THE INVENTION 

[23] It is desirable to reduce the size and cost of the filter assemblies beyond what is 
currently possible with metallic combline structures which are presently used to attenuate 
|U 10 undesired signals. The present invention incorporates triple-mode resonators into an 
^ assembly that includes a mask filter and a low pass filter such that the entire assembly 

ffl provides the extended frequency range attenuation of the unwanted signal. The assembly is 
y integrated in a way that minimizes the required volume and affords easy mounting onto a 

f ! circuit board. 

* 15 

y, Triple-Mode Mono-Block Cavity 

Q [24] Filters employing triple-mode mono-block cavities afford the opportunity of 

significantly reducing the overall volume of the filter package and reducing cost, while 

■ 20 maintaining acceptable electrical performance. The size reduction has two sources. First, 

a triple-mode mono-block resonator has three resonators in one block. (Each resonator 
provides one pole to the filter response). This provides a 3-fold reduction in size compared 
to filters currently used which disclose one resonator per block. Secondly, the resonators 
are not air-filled coaxial resonators as in the standard combline construction, but are now 

■ 25 dielectric-filled blocks. In a preferred embodiment, they are a solid block of ceramic 

coated with a conductive metal layer, typically silver. The high dielectric constant material 
allows the resonator to shrink in size by approximately the square root of the dielectric 
constant, while maintaining the same operating frequency. In a preferred embodiment, the 
ceramic used has a dielectric constant between 35 and 36 and a Q of 2,000. In another 

■ 30 embodiment, the dielectric constant is 44 with a Q of 1,500. Although the Q is lower, the 
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resonator is smaller due to the higher dielectric constant. In still another preferred 
embodiment, the dielectric constant is 21 with a Q of 3,000. 

[25] Furthermore, because the mono-block cavities are self-contained resonators, no 
metallic housing is required. The cost reduction from eliminating the metallic housing is 
greater than the additional cost of using dielectric-filled resonators as opposed to air-filled 
resonators. 

[26] The concept of a mono-block is not new. However, this is the first triple-mode mono- 
block resonator. In addition, the ability to package the plated mono-block triple-mode 
resonator filled with low loss, high dielectric constant material into a practical filter and 
assembly is novel and unobvious. 

[27] The basic design for a triple-mode mono-block resonator 10 is shown in Figure 1 in 
which two views 1(a) and 1 (b) are shown of the fundamental triple-mode mono-block 
shape. It is an approximately cubic block. The three modes that are excited are the TE 110 , 
TEioi and TE 0 n modes. See J.C. Sethares and S.J. Naumann, "Design of Microwave 
Dielectric Resonators," IEEE Trans. Microwave Theory Tech., pp. 2-7, Jan. 1966, hereby 
incorporated by reference. The three modes are mutually orthogonal. The design is an 
improvement to the triple-mode design for a rectangular (hollow) waveguide described in 
G. Lastoria, G. Gerini, M. Guglielmi and F. Emma, "CAD of Triple-Mode Cavities in 
Rectangular Waveguide," IEEE Trans. Microwave Theory Tech., pp. 339-341, Oct. 1998, 
hereby incorporated by reference. 

[28] The three resonant modes in a triple-mode mono-block resonator are typically denoted 
as TE01 1, TE101, and TE1 10 (or sometimes as TED 1 1, TE1 □ 1, and TE1 1 □), where TE 
indicates a transverse electric mode, and the three successive indices (often written as 
subscripts) indicate the number of half- wavelengths along the x, y and z directions. For 
example, TE101 indicates that the resonant mode will have an electric field that varies in 
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phase by 180 degrees (one-half wavelength) along the x and z directions, and there is no 
variation along the y direction. For this discussion, we will refer to the TE1 10 mode as 
Mode 1, TE101 as Mode 2, and TE01 1 as mode 3. 

■ 5 Corner Cuts 

[29] The input and output power is coupled to and from the mono-block 10 by a probe 20 

inserted into an input/output port 21 in the mono-block 10 as seen in Figure 1(b). The 
g probe can be part of an external coaxial line, or can be connected to some other external 

*|j 10 circuit. The coupling between modes is accomplished by corner cuts 30, 33. One is 
ffi oriented along the Y axis 30 and one is oriented along the Z axis 33. The two corner cuts 

lj are used to couple modes 1 and 2 and modes 2 and 3. In addition to the corner cuts shown 
"ft m Figure 1, a third corner cut along the X axis can be used to cross-couple modes 1 and 3. 
■« Figure 2 is a solid and a wire-frame view showing two of the triple-mode mono-blocks 

"L 15 connected together 10, 12 to form a six-pole filter 15 (each triple-mode mono-block 
% resonator has 3 poles). A connecting aperture or waveguide 40 links windows in each of 
Q the blocks together. The aperture can be air or a dielectric material. The input/output ports 

21, 23 on this filter are shown as coaxial lines connected to the probes 20, 22 (see Figure 1) 

in each block 10, 12. 

■ 20 

[30] Corner cuts 30, 33 are used to couple a mode oriented in one direction to a mode 
oriented in a second mutually orthogonal direction. Each coupling represents one pole in 
the filter's response. Therefore, the triple-mode mono-block discussed above represents 
the equivalent of three poles or three electrical resonators. 

■ 25 

[31] Figure 3 shows a third corner cut 36 (on the bottom for this example) that provides a 
cross coupling between modes 1 and 3 in the mono-block. A solid block is shown in part 
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3(a) and a wire frame view is shown in 3(b). By the appropriate choice of the particular 
block edge for this corner cut, either positive or negative cross coupling is possible. 

Tuning 

■ 5 

[32] Tuning: Like most other high precision, radio frequency filters, the filter disclosed 
here is tuned to optimize the filter response. Mechanical tolerances and uncertainty in the 
dielectric constant necessitate the tuning. The ability to tune, or adjust, the resonant 
frequencies of the triple-mode mono-block resonator 10 enhances the manufacturability of 
10 a filter assembly that employs triple-mode mono-blocks 10 as resonant elements. Ideally, 
tfj one should be able to tune each of the three resonant modes in the mono-block 

%j independently of each other. In addition, one should be able to tune a mode's resonant 
?2 frequency either higher or lower. 



15 [33] Four novel and unobvious methods of tuning are disclosed. The first tuning method is 
Zl to mechanically grind areas on three orthogonal faces of the mono-block 10 in order to 

% change the resonant frequencies of the three modes in each block. By grinding the areas, 

H ceramic dielectric material is removed, thereby changing the resonant frequencies of the 
resonant modes. 

■ 20 

[34] This method is mechanically simple, but is complicated by the fact that the grinding of 
one face of the mono-block 10 will affect the resonant frequencies of all three modes. A 
computer-aided analysis is required for the production environment, whereby the affect of 
grinding a given amount of material away from a given face is known and controlled. 

■ 25 

[35] Another method of tuning frequency is to cut a slot 50, 52 within a face 60 of the 
resonator 10 (see Figure 4). By simply cutting the proper slots 50, 52 in the conductive 
layer, one can tune any particular mode to a lower frequency. The longer the slot 50, 52, 
the greater the amount that the frequency is lowered. The advantage behind using this 
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method of tuning is that the resonant frequency of the other two modes is unaffected. For 
example, cutting a slot 50, 52 along the X-direction in either X-Z face (or plane) 60 of the 
mono-block 10 will cause the resonant frequency of Mode 1 to decrease as shown in Figure 
5. For this particular example, the mono-block 10 consists of a ceramic block with a 
■ 5 dielectric constant = 21.65, an X dimension of 0.942 inches, a Y-dimension of 0.916 
inches, and a Z-dimension of 0.935 inches. The slot width is 0.020 inches, and the 
resonant frequency varies with the length of the slot as shown in Figure 5. Note that while 
the frequency of Mode 1 changes, the frequencies of Modes 2 and 3 are left relatively 
unchanged. 

o 

% [36] In a similar fashion, Figure 6 shows that for a slot 50, 52 on the X-Y face (or plane) 
^ 60, cut along the X-direction, the frequency of Mode 2 will decrease with the slot length as 
hi shown, and leave the frequencies for Modes 1 and 3 relatively unchanged. 

M 

%k 15 [37] Figure 7 shows that for a slot 50, 52 on the X-Y face (or plane) 60, but cut along the 
12 Y-direction, the frequency of Mode 3 is now tuned lower. Comparing these data with the 
£ data shown in Figure 6, it is seen that the direction of the slot and the orientation of the face 
U determine which mode is to be tuned. Table 1 shows which mode will be tuned for a given 
set of conditions. 

■ 20 

Table 1. Resonant-mode tuning selection as a function of slot direction and block face. 





X-direction 


Y-direction 


Z-direction 


X-Y Face 


Mode 2 


Mode 3 


Not Allowed 


X-Z Face 


Mode 1 


Not Allowed 


Mode 3 


Y-ZFace 


Not Allowed 


Mode 1 


Mode 2 



[38] A third method of tuning the mono-block 10 is to tune the resonant frequency of a 
particular mode to a higher frequency by removing small circular areas 70 of the 
■ 25 conductive surface from a particular face (or plane) of the mono-block 10 (see Figures 8a 
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and b). Figure 9 shows the change in frequency for Mode 1 when successive circles 70 
(diameter = 0.040 inches) close to the face center are cut away from the X-Y face (or 
plane) 60 of the mono-block 10. In a similar fashion, one can tune Mode 2 to a higher 
frequency by removing small circles 70 of metal from the X-Z face (or plane) 60, and one 
■ 5 can tune Mode 3 to higher frequency by the same process applied to the Y-Z face (or plane) 
60. Note that, in Figure 9, Modes 2 and 3 are relatively unchanged while the frequency of 
Mode 1 increases. The depth of the hole affects the frequency. Once again, only the 
frequency of one of the coupled modes is affected using this method. The resonant 
frequency of the other two modes is unaffected. The metal can be removed by a number of 

■ 10 means including grinding, laser cutting, chemically etching, electric discharge machining 
O or other means. Figure 8(b) shows the use of three circles (or indentations) 70 on three 
dn orthogonal faces 60 of one of two triple-mode mono-blocks 10, 12 connected together. 
:J They are used to adjust the resonant frequencies of the three modes in the one block 12. 

W Tuning for only one block is shown in this figure. Tuning for the second block (the one on 

|yj 15 the left) 10 would be similar. 

[39] The fourth tuning method disclosed here is the use of discrete tuning elements or 
cylinders 80, 82, 84. Figures 10(a) and 10(b) show the 3 elements 80, 82, 84 distributed 
2 among three orthogonal faces 60 of the mono-block 10, to affect the necessary change of 

■ 20 the resonant frequencies. Figure 10(a) shows an alternate method for tuning whereby 

metallic or dielectric tuners are attached to three orthogonal sides and the metallic or 
dielectric elements protrude into the monoblock 10, as shown in Figure 10(b). Tuning for 
only one block is shown in this figure. Tuning for the second block (the block on the left) 
would be similar. The tuning elements 80, 82, 84 can be metallic elements which are 

■ 25 available from commercial sources. (See, for example, the metallic tuning elements 

available from Johanson Manufacturing, http://www.iohansonmfe.eom/mte.htm# . ) One 
could also use dielectric tuning elements, also available from commercial sources (again, 
see Johanson Manufacturing, for example). 
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[40] The description above is focused mainly on the use of a triple-mode mono-block 10 in 
a filter. It should be understood that this disclosure also covers the use of the triple-mode 
mono-block filter as part of a multiplexer, where two or more filters are connected to a 
common port. One or more of the multiple filters could be formed from the triple-mode 
■ 5 mono-blocks. 

Input/Output 

[41] Input/Output: A proper method for transmitting a microwave signal into (input) and 

■ 10 out of (output) the triple-mode mono-block filter is by the use of probes. The input probe 
O excites an RF wave comprising of a plurality of modes. The corner cuts then couple the 
J different modes. K. Sano and M. Miyashita, " Application of the Planar I/O Terminal to 
Jj Dual-Mode Dielectric-Waveguide Filter," IEEE Trans. Microwave Theory Tech., pp. 

U 2491-2495, December 2000, hereby incorporated by reference, discloses a dual-mode 

fj 15 mono-block having an input/output terminal which functions as as a patch antenna to 
f radiate power into and out of the mono-block. 

g [42] The method disclosed in the present invention is to form an indentation 90 in the 
^ mono-block (in particular, a cylindrical hole was used here), plate the interior of that hole 

■ 20 90 with a conductor (typically, but not necessarily, silver), and then connect the metallic 

surface to a circuit external to the filter/mono-block, as shown in Figure 11. The form of 
the connection from the metallic plating to the external circuit can take one of several 
forms, as shown in Figure 1 1 in which the interior or inner diameter of a hole or 
indentation is plated with metal (Figure 1 1(a)). Next, an electrical connection 100 is fixed 

■ 25 from the metal in the hole/indentation 90 to an external circuit, thus forming a reproducible 

method for transmitting a signal into or out of the triple-mode mono-block 10. In figure 
1 1(b) a wire is soldered to the plating to form the electrical connection 100, in Figure 1 1(c) 
a press-in connector 100 is used and in Figure 1 1(d) the indentation is filled with metal 
including the wire 100. 
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[43] Since the probe 100 is integrated into the mono-block 10, play between the probe and 
the block is reduced. This is an improvement over the prior art where an external probe 
100 was inserted into a hole 90 in the block 100. Power handling problems occurred due 
to gaps between the probe 100 and the hole 90. 

Integrated Filter Assembly Comprising a Preselect or Mask Filter, a Triple-Mode 
Mono-Block Resonator and a Low-Pass Filter 

[44] Several features/techniques have been developed to make the triple-mode mono-block 
filter a practical device. These features and techniques are described below and form the 
claims for this disclosure. 

[45] Filter Assembly: The novel and unobvious filter assembly 1 10 consisting of three 
parts, the mono-block resonator 10, premask (or mask) 120, and low-pass filters 130, can 
take one of several embodiments. In one embodiment, the three filter elements are 
combined as shown in Figure 12a, with connections provided by coaxial connectors 140 to 
the common circuit board. In this embodiment, the LPF 130 is etched right on the common 
circuit board as shown in Figure 12b. The low pass filter 130 is fabricated in microstrip on 
the same circuit board that supports the mono-block filter 10, 12 and the mask 120 filter. 
The low pass filter 130 shown in Figure 12 consists of three open-ended stubs and their 
connecting sections. The low pass filter 130 design may change as required by different 
specifications. 

[46] In a second embodiment, the circuit board supporting the filter assembly 1 10 is an 
integral part of the circuit board that is formed by other parts of the transmit and/or receive 
system, such as the antenna, amplifier, or analog to digital converter. As an example, 
Figure 13 shows the filter assembly 1 10 on the same board as a 4-element microstrip-patch 
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antenna array 150. The mono-block filter 10, 12 and combline (or premask) filter 120 are 
mounted to the same board that supports a 4-element antenna array 150. The mono-block 
10 and mask filters 120 are on one side of the circuit board. The low pass filter 130 and 
the antenna 150 are on the opposite side. A housing could be included, as needed. 

■ 5 

[47] In a third embodiment, the filter assembly 1 10 is contained in a box and connectors 
are provided either as coaxial connectors or as pads that can be soldered to another circuit 
board in a standard soldering operation. Figure 14 shows two examples of packages with 
pads 160. The filter package can include cooling fins if required. A package of the type 
C. 10 shown in Figure 14 may contain only the mono-block 10, 12, as shown, or it may contain a 
Jj filter assembly 1 10 of the type shown in Figure 13. Figure 14(a) shows the mono-block 

J* filter 10, 12 packaged in a box with the internal features highloghted in Figure 14(b). The 

tt pads 160 on the bottom of the box in Figure 14(a) would be soldered to a circuit board, 
hj Figure 14(c) shows a similar package for a duplexer consisting of two filters with one 

1L 15 common port and, therefore, three connecting pads 160. A package of the type shown here 
f* may contain only the mono-block 10, 12 or it may contain a filter assembly 1 10. 

5 ~" [48] Preselect or Mask Filter: Common to any resonant device such as a filter is the 

problem of unwanted spurious modes, or unwanted resonances. This problem is especially 

■ 20 pronounced in multi-mode resonators like the triple-mode mono-block 10, 12. For a triple- 

mode mono-block 10, 12 designed for a pass band centered at 1.95 GHz, the first 
resonance will occur near 2.4 GHz. In order to alleviate this problem, we disclose the use 
of a relatively wide-bandwidth mask filter 120, packaged with the mono-block filter 10, 12. 
The premask filter 120 acts as a wide-bandwidth bandpass filter which straddles the triple- 

■ 25 mode mono-block 10, 12 passband response. Its passband is wider than the triple-mode 

mono-block 10, 12 resonator's passband. Therefore, it won't affect signals falling within 
the passband of the triple-mode mono-block resonator 10, 12. However, it will provide 
additional rejection in the stopband. Therefore, it will reject the first few spurious modes 
following the triple-mode mono-block resonator's 10, 12 passband. See figure 15. 
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[49] In example 1, a filter assembly was designed for 3G application. In a preferred 
embodiment, it is used in a Wideband Code Division Multiple Access (WCDMA) base 
station. It had an output frequency of about f 0 = 2.00 GHz and rejection specification out 
to 12.00 GHz. The receive bandwidth is 1920 to 1980 MHz. The transmit bandwidth is 
21 10 to 2170 MHz. In the stopband for transmit mode, the attenuation needs to be 90 dB 
from 21 10 to 2170 MHz, 55 dB from 2170 to 5GHz and 30 dB from 5GHz to 12.00 GHz. 
A preselect or mask filter 120 was selected with a passband from 1800 MHz to 2050 MHz 
and a 60 dB notch at 21 10 MHz. Between 21 10 MHz and 5 GHz it provides 30 dB of 
attenuation. 



[50] In example 1, the mask filter 120 has a 250 MHz bandwidth and is based on a 4-pole 
combline design with one cross coupling that aids in achieving the desired out-of-band 
rejection. A photograph of the mask filter 120 is shown in Figure 16. Figure 16(a) shows 
a 4-pole combline filter package. Figure 16(b) shows the internal design of the 4 poles and 
the cross coupling. The SMA connectors shown in Figure 16(b) are replaced by direct 
connections to the circuit board for the total filter package. 



[51] Low Pass Filter: It is common for a cellular base station filter specification to have 
some level of signal rejection required at frequencies that are several times greater than the 
pass band. For example, a filter with a pass band at 1900 MHz may have a rejection 
specification at 12,000 MHz. For standard combline filters, a coaxial low-pass filter 
provides rejection at frequencies significantly above the pass band. For the filter package 
disclosed here, the low pass filter 130 is fabricated in microstrip or stripline, and is 
integrated into (or etched onto) the circuit board that already supports and is connected to 
the mono-block filter 10, 12 and the mask filter 120. The exact design of the low pass 
filter 130 would depend on the specific electrical requirements to be met. One possible 
configuration is shown in Figure 12. 
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[52] While the invention has been disclosed in this patent application by reference to the 
details of preferred embodiments of the invention, it is to be understood that the disclosure 
is intended in an illustrative, rather than a limiting sense, as it is contemplated that 
modifications will readily occur to those skilled in the art, within the spirit of the invention 
and the scope of the appended claims and their equivalents. 
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